ABSTRACT Some have proposed that the evolution of ultrasound as a male courtship cue in milkweed tussocks has arisen stepwise through transitional stages of redundant courtship cues (both pheromone and ultrasound). Furthermore, it has been proposed that ultrasound courtship was evolutionarily linked to a switch to cardenolide-producing larval host plants. To test the hypothesis of a transitional stage and proposed correlation of the behavior with larval hosts, the phylogenetic relationships of the phaegopterines Euchaetes, Cycnia, Ectypia, Pygarctia, and Pareuchaetes were assessed with 88 characters (205 states) derived from adult morphology. The resulting strict consensus placed the Pareuchaetes among the outgroup genera and recovered the remaining four genera as a clade. Euchaetes was not monophyletic; however, removal of Pareuchaetes results in monophyly. Based on this phylogeny, the ancestor of the ingroup clade fed on cardenolide-containing host plants, possessed well developed tymbals and lacked coremata (pheromone distributing structures). Thus, the use of male ultrasound in courtship was correlated with larval feeding on cardenolide hosts. The hypothesis that ultrasound Þrst arose as a redundant courtship cue, with a subsequent loss of the male pheromone, was not supported by our data. Rather, male pheromone courtship was reacquired after ultrasound courtship in two lineages, based on the presence of coremata and behavioral data.
Milkweed tussock moth, Euchaetes Harris (Arctiidae: Arctiinae), larvae are among the assemblage of insects including Coleoptera and Hemiptera associated with milkweed in North America. The handsome tussock larva (Fig. 1A) transforms into an elegantly drab adult (Fig. 1B) , and for many, the interest dies there. Although the adult tussock moth is not striking in appearance, it possesses the interesting behavior of male ultrasound courtship (Simmons and Conner 1996) .
The mating and defensive strategies of several tiger moth species have been documented, and Euchaetes spp. and its relatives are among the best studied within Arctiidae. Several arctiids are known to feed on hosts containing noxious plant chemicals (Weller et al. 1999, Conner and Weller 2004) including pyrrolizidine alkaloids (PAs) [e.g., Tyria jacobaeae (L.)] and cardiac glycosides (CGs) (e.g., Cycnia Hü bner, Euchaetes). In some species, these secondary plant compounds confer protection from predators in both the juvenile and adult stages (Conner and Weller 2004) . Additionally, in some species (e.g., Utetheisa Hü bner), PAs are incorporated into the male courtship pheromone, which is dispersed from scales modiÞed for scent dispersal on various regions of the body (Weller et al. 1999, Conner and Weller 2004) .
Several species that feed on CGs as larvae are known to use ultrasound in their courtship of females, and in one species, females call and respond to males with ultrasonic clicks (Syntomeida epilais [Walker] ; Sanderford and Conner 1992) . Ultrasound use in courtship seems to be unusual among tiger moths, although its sporadic distribution may be an artifact of documentation, not real absence (Weller et al. 1999) . Ultrasound is produced by tymbals, which are found in many arctiids and made up of microgrooves located on the metepisternum (ϭstriated band; Forbes and Franclemont 1957) . These ultrasonic clicks are used for defense in many species (Dunning et al. 1992, Hristov and Conner 2005) , but this defense role has been transformed into a courtship role in several arctiid lineages (Weller et al. 1999) . In Eu. egle (Drury) and Eu. bolteri Stretch, adult males produce speciesspeciÞc ultrasound clicks with their metathoracic tymbals (Simmons and Conner 1996) . Whether the speciesÕ speciÞc signals allow females to discriminate conspeciÞcs from heterospeciÞcs has not yet been demonstrated.
The closely related genus Cycnia Hü bner also uses ultrasound in male courtship, but here the courtship cue is combined with a male pheromone dispersed from the coremata; inßatable abdominal sacs bearing scales specialized for scent dispersal (Klots 1970 , Conner 1987 . In Cy. tenera Hü bner, the ultrasound and a non-PA based pheromone function as "redundant" cues. Males successfully mate if they have either pheromone or ultrasound capabilities, but their mating success is drastically curtailed if both cues are absent (Conner 1987) . Simmons and Conner (1996) suggested that the ultrasound-only courtship behavior of Euchaetes evolved from an ancestor that used redundant pheromone and ultrasound mating cues, such as Cy. tenera (Fig. 20) . They also suggested that there could be a general trend of PAs being associated with coremata and CG feeding associated with ultrasound courtship. The evolution of tymbals and ultrasound as a mating cue has yet to be placed in an evolutionary framework because the phylogenetic relationship between Euchaetes and related genera is unresolved.
Externally, Euchaetes is superÞcially similar to Cycnia, Ectypia Clemens, and Pygarctia Grote. Forbes (1960) included Euchaetes, Cycnia, and Pygarctia in his "uncus complex" group of the Phaegopterini (Arctiinae). In the same bulletin, Forbes (1960) (p. 45) suggested that the genus Pagara Walker (Lithosiinae) might be allied with Euchaetes based on its complex uncus and divided valve morphology. Forbes (1960) grouped the genera based on male genitalic characters and host plant associations but provided few characters to distinguish the genera from each other. The taxonomy of the milkweed tussocks has not been addressed since Forbes (1960) , but more recent checklists (Franclemont 1983, Watson and Goodger 1986) maintain the placement of these genera in Phaegopterini. Euchaetes is the largest genus with 21 described species (Watson and Goodger 1986) , whereas Ectypia is smallest with three. Phylogenetic study of subfamilial and tribal limits suggested that Ectypia was related to Cycnia but the placement of Euchaetes was problematic (Jacobson and Weller 2002) . Recent work with expanded sampling of phaegopterines shows that these genera are related to other phaegopterine genera (DaCosta and Weller 2005).
The shift from one courtship modality to the other occurs at least once within Phaegopterini because some phaegopterines use PAs (e.g., Amerila) and others use ultrasound (e.g., Cycnia, Euchaetes). These genera present a unique opportunity to determine when this shift occurred within the tribe and to provide comparative insight into the evolution of courtship in Arctiidae, more generally. We deÞne the generic limits of the milkweed tussocks, Euchaetes, and its relatives based on phylogenetic analysis of adult morphology. We then use the species-level phylogeny to examine the distribution of courtship structures (tymbals and coremata) within Euchaetes and allied genera and to test the hypothesis of Simmons and Conner (1996) of the evolution of ultrasound courtship.
Materials and Methods
Specimen Preparation. Wings, whole bodies, and genitalia were prepared according to standard protocols (Winter 2000) . Permanent slide mounts of abdominal pelts, genitalia, wings, legs, antennae, and labial palps were made in Euparal (BioQuip, Gardenda, CA) (dissection and slide numbers in Table 1 ). Heads and thoraces were stored in vials of glycerol (BioQuip).
Pencil drawings were made with a camera lucida to illustrate characters and states. Drawings were scanned into Adobe Photoshop version 7 (Adobe Systems, Mountain View, CA) and imported into Adobe Illustrator version 10 for Mac OS X (Adobe Systems), and then inked using the pen tool. Terminology for head, wings, abdominal and genital morphology follows Klots (1970) , Torre-Bueno (1989), and Jacobson and Weller (2002) . Terms for the thorax follow Forbes (1916) and Luh (1937) .
Taxon Sampling. Fourteen of the 21 described species of Euchaetes, Þve of 12 species of Pygarctia, four of Þve Cycnia species, and two of three Ectypia species were included in the study (Table 1) . Forbes (1960) also suggested that another lithosiine, Neoplynes eudora (Dyar), might be allied with Pagara based on 
adult habitus, although he did note that it possessed a lithosiine type tymbal. Both Pagara and Neoplynes remain classiÞed in the Lithosiinae (Watson et al. 1980 , Franclemont 1983 . Pygoctenucha terminalis has been associated with Euchaetes and is frequently curated with it in collections, so it was examined and included as part of the ingroup. Five species of phaegopterines in four genera were used to root the analysis based on their placement with respect to Euchaetes in previous phylogeny (DaCosta and Weller 2005) ( Table 1) . We examined taxa from Pericopini as potential outgroups but omitted them from the analysis because male and female genitalia were too divergent to polarize states within the ingroup. Taxa Omitted from the Phylogenetic Analysis. We examined males and females of Pagara simplex, Neoplynes eudora, and Lerina incarnata to determine whether they should be included. P. simplex (Forbes 1960: 44, Fig. 56 ) has a typical arctiine genital capsule and valve morphology, but its tribal placement is unclear. The valve is divided as in Euchaetes, but the areas of sclerotization are reversed. In Euchaetes, the costa is sclerotized and arm-like, whereas the saccus is membranous, ßat and paddle-like. In Pagara, the costa is membranous, whereas the saccus is sclerotized. The bursa copulatrix of Pa. simplex is only similar in the presence of spike-like signa resembling those of Ectypia.
The male genitalia of Ne. eudora (not shown) did not share any features with the genera under study. The valves are completely sclerotized and the uncus lacks lobes. The females also lack clear similarities to the study genera. We concur with ForbesÕ assessment that the resemblance of its adult habitus to Pagara is superÞcial and this species is otherwise a "typical" lithosiine (Forbes 1960) .
The male and female genitalia of Le. incarnata (not Þgured) also share very few features in common with the study group, Pagara, or Neoplynes. Its vestigial ocelli, obscured by the dense cranial vestiture resulted in earlier misclassiÞcations in the Lithosiinae. The males possess setal tufts on the uncus, but otherwise the genitalia are similar to Hypercompe permaculata Packard (Arctiini). Valves are unique in that they are strongly sclerotized and oriented, not laterally, but dorsoventrally; that is, they hinge from the saccus region of the vinculum, directly opposite the massive uncal complex. The aedeagus is uniquely shaped, lacks a carina penis, and the ornamentation of the vesica is comprised of rugose patches of short cornuti. The female has a pronounced sinus vaginalis, unlike any member of the ingroup. Furthermore, females lack the abdominal grooves or pockets characteristic of ingroup females. The caterpillar (Singer 2004 ) and adult habitus do not provide any compelling reason to include them in the analysis. We conclude that the species belongs in Arctiinae and is most likely a phaegopterine. Forbes (1939) and Franclemont (1983) included it in Phaegopterini; the latter placing it among other AsclepiasÐEuphorbia feeders. Currently, the species is placed as a phaegopterine near Pygoctenucha Grote in North American checklists (Franclemont 1983) .
Phylogenetic Analyses. From an original set of characters derived in previous studies (Miller 1991 , Jacobson and Weller 2002 , and DaCosta and Weller 2005 , 88 characters and 205 states were included here (see Appendix 1, Characters Examined for the Phylogenetic Analysis). Ten new characters were described from the male and female genitalia. Nineteen charac- 
Nomenclature follows Watson and Goodger (1986) and Goodger and Watson (1995) . Shared novel structures that exhibited variation were coded using the approach of Jacobson and Weller (2002) . Two dependent, linked characters were created. The Þrst character records whether a structure (e.g., ocellus) is present or absent, and the second character records the variation observed. These linked characters were down-weighted by one-half each. Similarly, if three characters were linked, they were weighted by one-third each. This approach allows the synapomorphy of the presence of the structure to be maintained by the Þrst character and faithfully records observed variation in the second character. The approach avoids creating artiÞcial "synthetic" characters (Pogue and Mickevich 1990) . Tymbals and coremata were included in our analysis so that the Þnal tree could be used to examine the distribution of these characters within the ingroup. The inclusion of characters of interest in an analysis has been criticized as leading to circular reasoning, because their presence in the matrix may bias the result in favor of one hypothesis over the other (de Queiroz 1996) . Excluding them from the analysis, however, may similarly bias the result with the Þnal tree favoring the opposite hypothesis (de Queiroz 1996) . We take the approach that including as much of the data available for phylogeny reconstruction will lead to the most reliable estimate. The Þnal data matrix comprised of 32 taxa (Table 1) and 88 characters (Appendix 1; DaCosta et al. 2006) was analyzed using maximum parsimony implemented with PAUP* (Swofford 2000) . Heuristic searches with 1000 random-taxon additions were performed to locate tree islands (Maddison et al. 1984) . Outgroup jackkniÞng (Lanyon 1985) was performed to determine whether the ingroup topology was sensitive to a particular outgroup taxon. Decay analyses (Bremer 1988) were performed to assess clade support.
Results
Summary Morphological Character Variation. Our Þnal matrix included both nongenital (36 characters, 77 states; Figs. 2-4; Appendix 1) and genital characters (52 characters, 128 states; Figs. 5-17; Appendix 1). Two character systems showed unexpected variation. First, the condition of the tentorium (character #5) was a synapomorphy for the clade of Pygarctia and Ectypia ( Table 2 ). The second character system involved the internal structure of the tympanum, including the nodular sclerite (#14), tympanal frame (#16), tymbal (#19), and pocket V (#24). Although typically constant within genera, tympanal variation among genera was found (Table 2, data matrix).
Phylogenetic Analysis. Phylogenetic analysis of the 26 ingroup and Þve outgroup species resulted in 34 most parsimonious trees with length (L) of 1,243, consistency index (CI) of 0.32 (corrected), and a retention index (RI) of 0.62 (corrected). The strict consensus tree was highly resolved (Fig. 18) , with lack of resolution only within the Euchaetes and Pygarctia clades. Pareuchaetes was placed basally on the cladogram and is not considered further as an ingroup taxon (Fig. 18) . Opharus procroides was placed as sister to the remaining ingroup taxa, an association supported by two synapomorphies ( Table 2) .
The ingroup divided into Þve clades: Ð Cycnia (Cy), two Euchaetes clades (Eu1 and Eu2), Ectypia (Ec), and Pygarctia (Py) (Fig. 18) . Pygoctenucha was embedded within Eu1, the clade containing the type species of Euchaetes, Eu. egle (Fig. 18) . Eu2 was placed as sister to Pygarctia, but this result is sensitive to outgroup composition, as discussed below. Individual clades were supported by two or more synapomorphies (Table 2 ). Most ingroup nodes decayed rapidly except for Cycnia and Eu1 (decays Ͼ7; Fig.  18 ). O. procroides was recovered within the ingroup after the Þrst decayÑnone of the remaining outgroup taxa were placed within the ingroup in any of the decay analyses.
Tree topology was found to be sensitive to the removal of three of the outgroup taxa and Pareuchaetes (Fig. 19AÐD ) but was unaffected by removal of either species of Amerila (not shown). P. terminalis remained embedded within Euchaetes in all taxon jackknife analyses. When Calidota, Pelochyta, or Pareuchaetes was removed, O. procroides was placed as sister to Cycnia, but otherwise all resulting topologies were unique rearrangements of the ingroup clades (Fig. 19) .
Removal of Pareuchaetes results in a monophyletic
Euchaetes, and Pygarctia and Ectypia placed as sisters (not shown). When O. procroides was excluded (Fig. 19A) , Eu2 was placed as sister to Cycnia and a clade comprising Ectypia ϩ Pygarctia (Py. neomexicana ϩ Eu1) was obtained. Only when Pe. cinerea was omitted did Pa. insulata fall within the ingroup (Fig. 19C ), supporting our conclusion that Pareuchaetes is not closely allied to the ingroup genera. Thus, placement of Eu2 and monophyly of Euchaetes is sensitive to outgroup composition.
All species examined had tymbals except O. procroides. In the ingroup, coremata were present in only Cy. tenera, Cy. oregonensis and the Eu2 subclade. In the outgroup, only Calidota had abdominal coremata, and Amerila vitrea had genital coremata. 
Discussion
Character Variation. Twenty-seven of the 88 characters examined were invariant. Although they do not affect this phylogenetic analysis, these data are included to document state distributions for future, supra-generic analyses. Many of the nongenital characters (21 of 36) (Appendix 1) were constant whereas only Þve of 52 genital characters were constant. These results conÞrm the perception that genital data are more informative than nongenital at the species level. However, several of the variable, nongenital characters have been used to establish tribal relationships in Arctiidae (Jacobson and Weller 2002) and Notodontidae (Miller 1991) .
Taxonomic Implications. Our cladistic analysis is sensitive to outgroup sampling, as evidenced by the results of the outgroup jackknifes. We conclude that we have not identiÞed the nearest generic relatives of the milkweed tussock clade, and that further phylogenetic study of the Phaegopterini is needed to place this clade. Our taxonomic conclusions must be conservative. Euchaetes seems to be comprised of two distinct, unrelated lineages, but it is premature to transfer the species of the Eu2 clade to Pygarctia. A species level revision of these two genera is warranted to corroborate this result. We can conclude that Py. terminalis is a misplaced species of Euchaetes. Its sister relationship to Eu. polingi was among the most strongly supported nodes in the analysis (decay ϭ 6; Fig. 18) .
A surprising result is the close afÞliation of Opharus with Cycnia. Opharus is recognized as an artiÞcial assemblage of species (Watson and Goodger 1986) . Our analyses suggest that the type species of Opharus, O. procroides may be congeneric with, or sister to, Cycnia. Male genitalia of O. procroides and Cycnia share the uncus feature of rounded lobes covered with setal tufts (#62: orb-like). As currently delimited, Opharus is primarily a Neotropical genus, ranging from Brazil to Mexico, whereas Cycnia ranges from Ecuador north to the United States. These current generic limits may reßect artiÞcially imposed biogeography, not real relationships, similar to the problem found with Virbia Walker and its junior synonym Holomelina Hü bner (Arctiini) (Zaspel and Weller 2006) .
Implications for Evolution of Behavioral Traits. Mapping the communication structures (tymbals, coremata) upon the strict consensus (Fig. 18) reveals an interesting pattern. First, all species except O. procroides possess tymbals. These animals can communicate with ultrasound for either defense, or communication, or both. Second, abdominal coremata are restricted to two clades within the ingroup, the clade of Cy. tenera and Cy. oregonesis, and the Eu2 subclade (Fig. 18) . These two clades represent independent acquisitions of abdominal coremata. A. vitrea possesses valve androconia. The other clade, A. bubo, possesses long, hair-like scales that insert in the lateral mem- brane cephalad to the genital capsule. These androconia are not homologous with the abdominal coremata. Character reconstruction results in an ingroup ancestor that lacks coremata (Fig. 18) . Therefore, our results do not support the hypothesis of Simmons and Conner (1996) that ultrasound courtship arose from an ancestral redundant condition of both coremata and tymbals being present. With Opharus removed from the analysis (Fig. 19A) , this jackknife tree supports their hypothesis, however, we dismiss this result as an analytical artifact given that Opharus and Cycnia may be congeners. Simmons and Conner (1996) also proposed that species associated with PAs will tend to have coremata, whereas those associated with CGs will not. Among the outgroups, two genera are known to collect PAs as adults, Pelochyta and Amerila (Pliske 1975a,b; Häuser and Boppré 1997) , although their larval hosts are not known. Pareuchaetes feeds on pyrrolizidine alkaloid containing hosts (Cock 1982 , Schneider et al. 1982 , and this genus has been proposed as a biological control agent for Chromolaena odorata (L.) (Asteraceae). The host plants and adult behaviors of Calidota and Opharus are unknown.
Among the ingroup genera, the species that have been reared are associated with cardenolide-containing, often lactiferous, host plants. Ectypia clio (Pack- ard) feeds on dogbanes [Apocynum (Tourn.)] and milkweeds (Asclepias L.) (Tietz 1972) . Larvae of Pygarctia eglenensis (Clemens) feed on Asclepias (Tietz 1972 ), but Euphorbia is reported as the host plant for larvae of Py. murina (Stretch) (Barnes and McDunnough 1912) , Py. spraguei (Grote), and Py. roseicapitis has been successfully reared on cultivated poinsettia (Euphorbia pulcherrima) (Donahue 1979) and Asclepias curassavica L. (W. E. Conner, personal communication).
We can conclude that our results do not contradict the hypothesis that CG associated species are more likely to use ultrasoundÑnot coremataÑin courtship; however, documentation of the hosts and pheromones for the Eu2 subclade is needed. Unfortunately, we lack host information for the key Eu2 subclade of species that possess well developed coremata. Potentially, these species represent a reversal both to chemical communication and PAÐ host association.
An interesting question left to be addressed by the behaviorists remainsÑwhy reevolve pheromone courtship? The use of PA derivatives in arctiid male pheromones has been explained as a nuptial gift of antipredator compounds (Conner et al. 2000) or as advertisement of genetic advantage in Utetheisa (Conner and Weller 2004) . Those individuals that use PAs in this manner have well developed androconia (Conner and Weller 2004) . If the well developed coremata of the Eu2 subclade species represent a reversal to PA use in this South American lineage, then predator pressure may play an important role shaping the use of PAs in arctiids. Regardless, sexual selection through female choice is playing a critical part in shaping the diversity of species and courtship strategies in Arctiidae.
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Last, some wing venation characters, often used in generic diagnoses, exhibit autapomorphic change within genera (e.g., #27, #29, #36; Table 2 ). Others have uninformative change, occurring in one outgroup and one ingroup taxon (e.g., #34). Lack of venation constancy within genera has been found in other arctiids (Simmons and Weller 2002) . Although useful for diagnoses, arctiid genera based solely on venational characters need careful evaluation of their monophyly.
